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Increased Exploratory Activity
and Altered Response to LSD in Mice
Lacking the 5-HT5A Receptor
5-HT5A, 5-HT5B, 5-HT6, and 5-HT7 receptors. Hence, their
functions remain totally unknown (Grailhe et al., 1997).
In addition, the intracellular effectors of the 5-HT5A and
5-HT5B receptors have not been identified, and there
has been no demonstration that these receptors are
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(5A-KO). These 5A-KO mice enabled us to determine
the pattern of expression of the 5-HT5A receptor protein
as well as its coupling with G proteins. Because of theSummary
known involvement of serotonin in motor activity (Ja-
cobs, 1991; Geyer, 1995) and affective states (Taylor,In order to determine the distribution and function of
1990), we tested the 5A-KO mice in a number of behav-the 5-HT5A serotonin receptor subtype, we generated
ioral paradigms used to study locomotion and anxiety.knockout mice lacking the 5-HT5A gene. Comparative
The main differences between 5A-KO and wild-type (wt)autoradiography studies of brains of wild-type (wt) and
mice were an increase in exploratory activity when 5A-5-HT5A knockout (5A-KO) mice revealed the existence
KO mice were exposed to novel environments and aof binding sites with high affinity for [125I]LSD that cor-
decreased locomotor response to LSD in an open field.respond to 5-HT5A receptors and that are concentrated
in the olfactory bulb, neocortex, and medial habenula.
When exposed to novel environments, the 5A-KO mice Results
displayed increased exploratory activity but no change
in anxiety-related behaviors. In addition, the stimula- Generation of 5-HT5A Knockout Mice
tory effect of LSD on exploratory activity was attenu- A mouse 5-HT5A cDNA fragment (Plassat et al., 1992)
ated in 5A-KO mice. These results suggest that 5-HT5A was used to screen a mouse 129/Sv l phage genomic
receptors modulate the activity of neural circuits in- library. As shown in Figure 1A, the 5-HT5A targeting con-
volved specifically in exploratory behavior and suggest struct was designed to delete 23% (242 bp) of the 5-HT5A
that some of the psychotropic effects of LSD may be coding sequence (first and second transmembrane do-
mediated by 5-HT5A receptors. mains) and to replace it with a neomycin resistance
cassette (Saudou et al., 1994). This deletion ensures that
Introduction any residual transcription products would likely result
in a nonfunctional truncated protein (Heymann and
The effects of serotonin (5-HT) are mediated by a large Subramaniam, 1997). Embryonic stem (ES) cells were
number of receptor subtypes, most of which belong to electroporated with the linearized targeting vector, and
the G protein±coupled receptor family (Lucas and Hen, positive clones were identified by Southern blot analysis
1995). Although classical pharmacological strategies of XbaI digested genomic DNA (Saudou et al., 1994;
have identified the functions of many serotonergic re- Figure 1B). Eight ES cell clones harboring the desired
ceptors (Wilkinson and Dourish, 1991), specific ligands homologous recombination were identified from a total
have not yet been identified for the recently cloned of 31 analyzed colonies. Three clones were injected into
C57/BL6 blastocysts, two of which gave rise to male
chimeras that displayed germline transmission. These# To whom correspondence should be addressed (email: rh95@
columbia.edu). chimeras were mated with 129/Sv females to generate
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Figure 1. Targeted Mutation of the 5-HT5A Receptor Gene
(A) The open box represents the 5-HT5A exon I coding region. The segment between the two BalI sites is deleted and replaced by a neo
cassette (shaded box). The solid lines represent the different probes (A*, B*, C*). The expected sizes of the hybridizing restriction fragments
for both the wt and the mutant alleles are indicated. Abbreviations: E, EcoRI; X, XbaI; B, BalI.
(B) Southern blot analysis of genomic embryonic stem cell DNA, digested with XbaI and hybridized with an external 39 probe (A*).
(C) Southern blot analysis of tail DNA digested with EcoRI and hybridized either with the intronal B* probe or the C* probe corresponding to
the 5-HT5A deleted fragment.
(D) Northern blot analysis of poly(A)1 RNA (10 mg) from wt (1/1), heterozygote (1/2), and 5A-KO (2/2) brain tissues, hybridized with probe
C*. Two transcripts are found in wt and at a lower intensity in heterozygotes but not in 5A-KO. A b actin probe was used as a control in the
same Northern blot.
heterozygous mutant mice on a pure 129/Sv genetic wt animals. The neuronal markers were selective for
monoaminergic pathways (5-HT and tyrosine hydroxy-background. The resulting heterozygous mice were bred
to generate homozygous mutants. There was no obvi- lase), for calcium binding proteins (parvalbumin, calbin-
din, and calretinin), for neuropeptides (NPY, VIP, andous sex bias in the offspring, and the expected Mende-
lian ratio was observed among wt, heterozygous mutant, somatostatine), for nitric oxide synthase, and for amino
acid receptor subunits (AMPA GluR1 and GluR2/3; GA-and homozygous mutant mice (data not shown).
To assess whether disruption of the 5-HT5A gene was BAA a1, a2, a5, and b2/3). At all stages investigated, no
differences in the distribution of the markers and theeffective, we analyzed the 5-HT5A genomic locus as well
as the levels of 5-HT5A mRNA. A Southern analysis with morphology of the labeled cells were detected between
5A-KO and wt animals.a BalI probe (C*) spanning the first and second trans-
membrane domains, deleted in the targeting vector, re-
vealed the presence of a band in wt and heterozygotes
but not in 5A-KO genomic DNA (Figure 1C). By Northern Distribution of the 5-HT5A Receptor
To demonstrate the absence of 5-HT5A receptors in theanalysis (Figure 1D), using the same probe, we demon-
strated the total absence of the two mRNA species of 5.8 5A-KO mice, radioligand binding assays were performed
on wt and 5A-KO brains. Because of the lack of selectivekb and 5.0 kb that correspond to the 5-HT5A transcription
unit (Plassat et al., 1992; Carson et al., 1996). In addition, 5-HT5A ligands, we used a nonselective radioligand,
[125I]LSD, which has a high affinity for the 5-HT5A receptormRNA levels found in heterozygous mice were about
50% of those found in wt mice. (Plassat et al., 1992; KD 5 340 pM) and for other serotonin
and dopamine receptors (Hoyer et al., 1994). We usedThe 5A-KO mice displayed no obvious abnormalities.
Body weights of the 5A-KO mice throughout develop- spiperone (600 nM) and clozapine (600 nM) to mask the
5-HT2A, 5-HT2C, 5-HT6, 5-HT7, and dopamine receptorsment were identical to those of the wt mice. The brains
of the 5A-KO mice appeared normal as judged by an (Plassat et al., 1993; Hoyer et al., 1994). Since as yet no
compound can discriminate between the closely relatedanalysis of Nissl-stained sections. All major cytoarchi-
tectonic divisions, such as cortical and cerebellar corti- 5-HT5A and 5-HT5B receptors, we expected to label both
receptor subtypes. As shown in Figure 2, the highestces or major basal ganglia and brainstem nuclei, were
unchanged. Immunocytochemical studies of the distri- densities of [125I]LSD binding sites were found in the
olfactory bulb and medial habenula of wt mice. Lowerbution of glial (S-100b and glial fibrillary acid protein) or
neuronal markers in newborns as well as adult animals densities were found in the neocortex, hippocampus,
and caudate putamen. Under these conditions, 5A-KOshowed no differences in 5A-KO mice as compared to
5-HT5A Receptor Knockout Mice
583
sites found in the medial habenula are likely to corre-
spond to 5-HT5B receptors since the 5-HT5B mRNA is
almost exclusively localized in the medial habenula
(Matthes et al., 1993; Wisden et al., 1993). The densities
of 5-HT5A-specific binding sites labeled under these non-
saturating conditions (see Experimental Procedures)
were 4±5 fmol/mg of protein in the olfactory bulb, medial
habenula, and neocortex and ,2 fmol/mg of protein in
the hippocampus and caudate putamen (Table 1). The
densities of sites found in the substantia nigra and cere-
bellum were not significantly different in wt and 5A-KO
mice, suggesting that these sites do not correspond to
5-HT5A receptors.
In addition to [125I]LSD, we also used 5 nM [3H]5-CT
to analyze the distribution of 5-HT5A receptors. Autora-
diographic labeling obtained with [3H]5-CT in the pres-
ence of masking agents for 5-HT1A (300 nM 8-OH-DPAT),
5-HT1B/1D (300 nM GR127935), and 5-HT7 (3 mM spiper-
one) receptors revealed a distribution of 5-HT5A-specific
binding sites similar to that seen with [125I]LSD (Table
1). Significant differences between wt and 5A-KO were
found in olfactory bulb, caudate putamen, neocortex,
and habenula, which are also the structures that dis-
played differences in [125I]LSD binding (compare ªBound
[125I]LSDº and ªBound [3H]5-CTº in Table 1). The only
structure in which the [3H]5-CT and [125I]LSD binding
data were in disagreement was the hippocampus, where
no differences in [3H]5-CT binding sites were found be-
tween wt and 5A-KO. This discrepancy might be due to
the fact that [3H]5-CT labels an abundant population of
atypical 5-HT1A binding sites in hippocampus (Waeber
and Moskowitz, 1995), which might mask the less abun-
dant 5-HT5A sites (compare hippocampus values in
ªBound [125I]LSDº and ªBound [3H]5-CTº in Table 1).
Figure 2. [125I]LSD Binding in Wild-Type and 5A-KO Mice
To further characterize the [125I]LSD binding sites that
Representative autoradiograms showing the distribution of sites appear to correspond to 5-HT5 receptors, displacementlabeled by 100 pM [125I]LSD in the presence of 600 nM clozapine
studies with 5-CT were performed. Brain sections wereand 600 nM spiperone, in coronal brain sections of wt (A±E) and
incubated in the presence of 100 pM [125I]LSD, 600 nM5A-KO (F±J) mice. Abbreviations: OB, olfactory bulb; Cpu, caudate
clozapine, 600 nM spiperone, and various 5-CT concen-putamen; Par, parietal cortex; Hp, hippocampal formation; Mhb,
medial habenula; Te, temporal cortex; Cb, cerebellum. Scale bar, trations (1±10,000 nM). The competition curves obtained
0.5 cm. with 5-CT in the olfactory bulb (Figure 3A) and neocortex
(data not shown) indicated the presence of high-affinity
binding sites (IC50 5 1.9 6 1.3 nM), absent in 5A-KO
mice displayed little specific binding except in the me- mice. In the medial habenula (data not shown), these
dial habenula, where about 60% of the specific binding competition experiments revealed a site with a lower
affinity in 5A-KO mice (IC50 5 33 6 15 nM). The medialremained (Figure 2 and Table 1). The residual binding
Table 1. [125I]LSD and [3H]5-CT Binding
Bound [125I]LSD (fmol/mg protein) Bound [3H]5-CT (fmol/mg protein)
Area WT 5A-KO WT 5A-KO
Olfactory bulb 5.50 6 0.19 0.80 6 0.35* 13.6 6 2.5 4.7 6 3.2*
Caudate putamen 2.60 6 0.46 1.30 6 0.31* 6.8 6 2.9 2.5 6 2.2*
Neocortex 5.20 6 0.88 1.50 6 0.42* 17.6 6 4.3 10.0 6 5.0*
Hippocampus 3.40 6 0.42 1.90 6 0.27* 30.2 6 3.6 30.1 6 7.5
Medial habenula 18.50 6 2.08 13.30 6 0.42* 16.2 6 5.0 8.3 6 5.7*
Substantia nigra 6.30 6 0.85 4.40 6 0.62 9.0 6 2.9 6.1 6 2.5
Cerebellum 1.50 6 0.35 1.20 6 0.27 2.5 6 2.2 1.1 6 3.2
[125I]LSD binding in the presence of 600 nM clozapine and spiperone is expressed in fmol/mg protein (mean 6 SEM) in each nucleus, for wt
(n 5 5) and 5A-KO (n 5 5) mice. The values found in olfactory bulb, neocortex, medial habenula, hippocampus, and caudate putamen are
significantly different in wt and 5A-KO mice (*p , 0.05). [3H]5-CT binding in the presence of GR127935/8-OH-DPAT (both at 300 nM) and
spiperone (3 mM) is expressed in fmol/mg protein (mean 6 SEM) in each nucleus for wt (n 5 5) and 5A-KO (n 5 5). The values found in
olfactory bulb, neocortex, medial habenula, and caudate putamen are significantly different in wt and 5A-KO mice (*p , 0.05).
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pokes (see Experimental Procedures). Naive, 3-month-
old, 5A-KO (n 5 30) and wt (n 5 30) male mice were
exposed to the open field twice, 1 week apart. As shown
in Figure 4, during the first open field exposure, the naive
5A-KO mice displayed significantly more locomotion
(F[1,11] 5 173, p , 0.001), rearings (F[1,11] 5 58, p ,
0.001), and hole pokes (F[1,11] 5 4.0, p , 0.001) than
wt mice. For both genotypes, locomotor activity, rearing,
and hole pokes decreased over time, which indicates
that both groups habituated to the open field. Despite
their higher initial levels of locomotion and rearings, ac-
tivity levels were similar toward the end of the session
(genotype by time interaction: F[11,814] 5 5.6, p , 0.001
for locomotion; F[11,814] 5 7.8, p , 0.001 for rearing).
Activity levels during the second test were lower and
similar for the two groups. Mutants are therefore more
active than wt only in response to novelty, which sug-
gests that they differ in exploratory activity rather than in
baseline motor activity. The level of exploratory activity
displayed by the 5A-KO mice is similar to that of an
active strain such as the C57Black/6J.
The center of the open field is usually aversive for
rodents and the time spent in the center or the distance
traveled in the center are sometimes used as indices of
Figure 3. Gpp(NH)p Displacement Studies fear or anxiety (Ramos et al., 1997). A factor analysis
(A) Competition curves obtained by adding increasing concentra- (data not shown) performed on both genotypes revealed
tions of 5-CT to the incubation containing 100 pM of [125I]LSD, 600 that our measures from the open field fall into two inde-
nM clozapine, and 600 nM spiperone. Densities of the autoradio-
pendent categories: an exploratory-like factor (total dis-grams over olfactory bulb on wt and 5A-KO brain sections were
tance, rearing, and hole pokes) and an anxiety-like factormeasured as described in the Experimental Procedures (IC50 5 1.9 6
1.3 nM). (time in the center and relative distance traveled in the
(B) Effect of Gpp(NH)p on [125I]LSD binding sites. wt olfactory bulb center). Interestingly, there was no significant difference
sections were incubated as in (A), in the presence or in the absence between wt and 5A-KO mice in the percentage of loco-
of 100 mM Gpp(NH)p. motion in the center during both exposures to the open
field. These results indicate that, while exploratory be-
havior is increased in the 5A-KO, anxiety-related behav-
habenula of wt mice contained sites with an intermediate ior in the open field is similar in 5A-KO and wt mice.
affinity for 5-CT (IC50 5 7.7 6 4.0 nM), probably due to The two independent lines of 5A-KO mice displayed the
the presence of two populations of binding sites (the same behavior in the open field.
limited number of 5-CT concentrations tested precluded
the use of a two-site model for regression analysis). The Novel Object Exploration
high-affinity sites found in the neocortex, and olfactory It has been suggested that ªdiversiveº behaviors, such
bulb, of wt mice and absent in 5A-KO mice are likely to as locomotor exploration and rearing in a novel environ-
correspond to 5-HT5A receptors. The low-affinity sites ment, may be conceptually and pharmacologically dis-
found in the medial habenula of the 5A-KO mice might sociated from ªinspectiveº behaviors directed toward a
correspond to 5-HT5B receptors, because these recep- discrete novel object (Berlyne, 1955). We analyzed the
tors have a lower affinity for 5-CT and are localized response of 5A-KO (n 5 11) and wt (n 5 11) mice to the
predominantly in the medial habenula (Matthes et al., introduction of a novel object into the center of the open
1993). To study the coupling of 5-HT5 receptors to G field. Although 5A-KO mice were more active overall
proteins, we investigated whether 5-CT competition than wt mice (F[1,20] 5 4.39, p , 0.05) in the novel
curves for [125I]LSD binding sites were sensitive to gua- object experiment, a significant genotype by environ-
nine nucleotides. In the presence of the GTP analog ment interaction (F[1,20] 5 5.22, p , 0.03) indicated that
Gpp(NH)p (100 mM), the 5-CT competition curve was 5A-KO mice made a greater increase in the number of
shifted to the right by a factor of 6 in the olfactory bulb entries into the central region than wt mice after intro-
of wt mice (Figure 3B) and a factor of 3 in the medial duction of the novel object into the center of the open
habenula of 5A-KO mice (data not shown), suggesting field (Figure 5). Post hoc tests indicated that both geno-
that both 5-HT5A and 5-HT5B receptors are coupled to G types exhibited a similar number of center entries with-
proteins in vivo. out the cup, but that a trend existed for 5A-KO mice to
exhibit more center entries than wt mice after introduc-
tion of the cup (F[1,20] 5 5.35, p , 0.06). Additionally,Open Field
We analyzed the behavior of 5A-KO mice in an open 5A-KO mice showed greater increases in time spent in
the central region following introduction of the novelfield to assess their exploratory activity and reactivity to
novel environments. We recorded the animal's location object than wt mice, although this effect did not reach
significance (data not shown). These results indicate anand path, as well as the number of rearings and hole
5-HT5A Receptor Knockout Mice
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Figure 4. Open Field
(A and B) Distance traveled in the open field.
(A) The line graph represents the distance traveled every 5 min for a total of 1 hr, expressed as a mean path length 6 SEM for 38 wt (1/1)
and 38 5A-KO (2/2) mice.
(B) The bar graph shows the total path length over 1 hr (***p , 0.001).
(C and D) Rearing.
(C) The line graph represents the number of rearings every 5 min for a total of 1 hr, expressed as a mean number of rearings 6 SEM for 38
wt (1/1) and 38 5A-KO (2/2) mice.
(D) The bar graph shows the total number of rearings over 1 hr (***p , 0.001).
(E and F) Hole pokes.
(E) The line graph represents the number of hole pokes every 5 min for a total of 1 hr, expressed as a mean of number of hole pokes 6 SEM
for 38 wt (1/1) and 38 5A-KO (2/2) mice.
(F) The bar graph shows the total number of hole pokes over 1 hr (***p , 0.001).
increase in ªinspectiveº exploratory activity in the 5A- that the increased exploratory activity of 5A-KO mice is
not the result of a general increase in motor activity.KO mice.
Basal Level of Motor Activity Anxiety-Related Tests
To examine more specifically whether the increased ex-To determine whether changes in exploratory behavior
are due to a global alteration of motor function, we ploratory activity of the 5A-KO mice might be the conse-
quence of a reduction of fear or anxiety, we tested 5A-recorded the activity of wt (n 5 9) and 5A-KO (n 5 9)
mice in their home cages, during a 24 hr session (Figure KO mice in three animal models of anxiety, the elevated
plus maze (Figure 7), the probe burying test, and a startle6). No differences in the pattern or magnitude of diurnal
and nocturnal activity were found between 5A-KO and test. The elevated plus maze is widely used to test po-
tential anxiolytic drugs (Pellow et al., 1985). This test iswt mice (F[1,16] 5 0.38, p 5 0.56). These results confirm
Figure 5. Novel Object
(A) Number of entries (mean 6 SEM) into the
center region, before the object is introduced
and after object introduction.
(B) Number of entries in the periphery; n 5
11 for wt (1/1) and 5A-KO (2/2). The asterisk
indicates a statistically significant interaction
between genotypes and condition as re-
vealed by a two-way ANOVA (F[1,20] 5 5.22,
p , 0.03).
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Figure 6. Basal Activity
(A) The line graph represents the activity in
the home cage every hour for a total of 24 hr,
expressed as mean counts for both wt (1/1)
and 5A-KO (2/2) mice (n 5 9).
(B) The bar graph shows the total activity over
24 hr (mean 6 SEM, n 5 9). The open bar
indicates 1/1; the closed bar indicates 2/2.
There was no significant effect of genotype.
based on the observation that rats and mice fear open measures: i.e., percentage of entries into the open arms
(F[1,53] 5 0.6, p . 0.05), time spent in the open armselevated spaces and have a preference for enclosed
spaces. In this test, mice therefore face a conflict be- (F[1,53] 5 0.6, p . 0.05), and the number of entries in the
open arms (F[1,53] 5 2.5, p . 0.05). The only difference intween avoidance and exploration of the open arms. A
factor analysis (data not shown) revealed that behavioral an anxiety-related measure was an increased number
measures from the elevated plus maze fall in two main of head dips in the open for 5A-KO mice (F[1,53] 5 4.1,
categories. The first, which includes the time in the open p , 0.05). In contrast, in all measures of activity, 5A-
arms, the number of entries in the open arms, and the KO were significantly different from wt mice: i.e., total
number of head dips in the open arms, might correspond entries (F[1,53] 5 5.9, p , 0.05) and rearings (F[1,53] 5
to anxiety-related behaviors. The second factor includes 4.9, p , 0.05).
the total number of entries and the number of rearings, In the burying behavior test, which measures the ani-
which likely correspond to general motor activity or ex- mal's burying response in the presence of an electrified
ploratory activity. There were no differences between prod, we found no differences in anxiety measures, such
wt (n 5 27) and 5A-KO (n 5 28) mice for most anxiety as latency to first burying response and time spent bury-
ing (Fs[1,15] , 4.54, p . 0.05) (5A-KO, n 5 8; wt, n 5
9; data not shown).
Measures of startle reactivity were also used to further
examine possible changes in anxiety in the 5A-KO mice.
Acoustic startling stimuli were presented repeatedly.
Startle response magnitudes to 120 dB broad-band
noise bursts did not differ between wt (257.5 6 30.1,
n 5 16) and 5A-KO (203.2 6 37.3, n 5 16) mice. Further-
more, wt and 5A-KO mice showed similar rates of acous-
tic startle habituation. These results confirm that 5A-KO
mice do not differ from wt mice in defensive reactions
to startling stimuli.
In conclusion, the results from several measures of
anxiety, including the plus maze, burying behavior, and
startle reactivity, confirm our findings from the open field
by suggesting that 5A-KO mice do not markedly differ
from wt mice in anxiety-related behaviors. The levels of
anxiety-related behaviors displayed by the wt 129/Sv
and the 5A-KO mice in the elevated plus maze and in
the open field are of intermediate magnitude compared
to other inbred strains. For example, the 5-HT1A knock-
outs are more anxious in these behavioral paradigms,
while the 5-HT1B and 5-HT2A knockouts are less anxious
(Brunner et al., 1999; Ramboz et al., 1998; our unpub-
lished data). It is therefore unlikely that we would have
missed an effect of the 5-HT5A knockout on anxiety-
related behaviors because of a floor or a ceiling effect.
Effect of LSD on Exploratory Activity
Figure 7. Elevated Plus Maze Since LSD has a high affinity for the 5-HT5A receptor,
5A-KO (2/2) and wt (1/1) mice were tested for 6 min in the elevated we decided to investigate whether some of the effects
plus maze. No significant effect of genotype was found for the of LSD may be mediated by 5-HT5A receptors. In rats,number of entries, the percentage of entries, or the time in open
LSD was reported to have a dual effect on exploratoryarms, but significant effects of genotype were found for the total
activity in an open field (Mittman and Geyer, 1991). Spe-entries, the rearing, and the head dips in open arms. Data are repre-
sented as mean values 6 SEM; n 5 18 mice per group (*p , 0.05). cifically, LSD was shown to produce an initial decrease
5-HT5A Receptor Knockout Mice
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Figure 8. Effect of LSD in the Open Field
The mice were injected intraperitoneally with
either saline (wt, n 5 17; KO, n 5 17) or LSD
(240 mg/kg) (wt, n 5 16; KO, n 5 12) before
introduction in the open field (t 5 0). Behavior
was recorded for 60 min. Results are ex-
pressed as relative distances to correct for
differences in activity between wt and KO in
saline conditions. Specifically, the relative
distance is the distance traveled during a par-
ticular time interval expressed as a percent-
age of the initial locomotion level of the corre-
sponding saline group (first 5 min of the test).
The bar graph shows the total relative dis-
tance traveled during the last 40 min of the
open field session. The open bar indicates wt
(1/1); the closed bar indicates 5A-KO (2/2).
The line graph represents the relative dis-
tance traveled every 5 min during the last 40
min of the open field session. The asterisk
indicates a significant difference between wt
and 5A-KO in response to LSD (F[1,58] 5
3.982, p , 0.05).
in exploratory activity followed by an increase in explor- mice, which would suggest the existence of 5-HT5A-
specific binding sites. We postulated that [125I]LSD andatory activity. These two effects were shown to be medi-
ated by distinct receptors since the decrease could be [3H]5-CT should bind to 5-HT5A receptors in brain sec-
tions since both radioligands have been used to labelblocked selectively by propanolol and the increase by
ritanserine. We compared the effects of LSD on open 5-HT5A receptors in transfected cells (Grailhe et al.,
1997). In the presence of adequate blockers, we foundfield behavior in wt and the 5A-KO mice (Figure 8). The
mice were injected intraperitoneally with either saline that [3H]5-CT and [125I]LSD label significantly more sites
in wt than in 5A-KO mice. These sites that are missing(wt, n 5 17; KO, n 5 17) or LSD (240 mg/kg) (wt, n 5 16;
KO, n 5 12). We confirmed the previous finding that in 5A-KO mice are likely to correspond to 5-HT5A recep-
tors for two reasons. First, their high affinity for [125I]LSDLSD had a dual effect on exploratory activity in the wt
mice with an initial decrease in activity followed after and 5-CT (3.3 nM; Figure 3A) and low affinities for all of
the blocking agents (8-OH-DPAT, GR127935, clozapine,15 min by an increase in activity. In the 5A-KO, the initial
decrease in activity was unchanged (from 0 to 15 min; spiperone, and sulpiride) are compatible with the phar-
macological profile of 5-HT5A receptors as determineddata not shown), while the consequent increase was
attenuated (from 20 to 60 min; Figure 8). Although there in transfected cells (Grailhe et al., 1997) and are incom-
patible with the profiles of all the other known 5-HT,was no significant interaction between drug and geno-
type (ANOVA, F[1,58] 5 1.821, p . 0.05), a planned dopamine, and adrenergic receptors. Second, the distri-
bution of the labeled sites closely matches the distribu-comparison showed that the the 5A-KO had a blunted
response to LSD during the last 40 min of the test tion of the 5-HT5A mRNA as determined by in situ hybrid-
ization (Plassat et al., 1992). It is therefore unlikely that(F[1,58] 5 3.982, p , 0.05). These results suggest that
the effects of LSD on exploratory activity are modulated these sites could correspond to another receptor that
would have been downregulated in the 5A-KO mice.at least in part by 5-HT5A receptors.
Our autoradiographic studies enabled us also to char-
acterize the distribution of the 5-HT5B receptors. TheDiscussion
pharmacological profile of these sites (moderate affinity
for 5-CT, 33 nM) and their restricted localization in theThe purpose of the present study was to determine the
function of the 5-HT5A receptor. Our results show that medial habenula are compatible with the pharmacologi-
cal profile of the 5-HT5B receptor in transfected cells5-HT5A receptors are functionally expressed in vivo. In
addition, we demonstrated that the absence of this re- (Matthes et al., 1993) and with the brain distribution of
the 5-HT5B mRNA (Erlander et al., 1993; Matthes et al.,ceptor results in a specific phenotype characterized by
an altered exploratory behavior both in response to nov- 1993; Wisden et al., 1993). The low abundance of both
the 5-HT5A and 5-HT5B receptors (Table 1) and the com-elty and in response to LSD.
plexity of the receptor populations labeled by [3H]5-CT
and [125I]LSD probably explains why these receptors hadFunctional Expression of 5-HT5A and
5-HT5B Receptors not been detected previously in radioligand binding
studies (Waeber and Moskowitz, 1995).The 5-HT5A mRNA is found exclusively in the CNS (Plas-
sat et al., 1992; Erlander et al., 1993; Rees et al., 1994). The distribution of the 5-HT5A mRNA obtained by in
situ hybridization experiments and the distribution ofHowever, because of the lack of selective 5-HT5A ligands
or antibodies, there was no evidence that the corre- the protein obtained by autoradiography are in good
agreement. Nevertheless, in most brain structures it issponding protein was expressed. We decided to use
knockout mice to see if we could demonstrate a de- difficult to determine the cell type in which the 5-HT5A
receptor might be expressed, because neither in situcrease in binding sites in 5A-KO mice compared to wt
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hybridization experiments nor autoradiographic tech- hole pokes in the open field but only at their first expo-
sure to the open field. In the novel object test, 5A-KOniques provide enough cellular resolution in areas that
mice displayed more interest or ªcuriosityº for the novelare very dense in cell bodies such as the neocortex
object than did the wt. The increased response to nov-and hippocampus. One exception is the olfactory bulb,
elty observed in these tests could result from an increasewhere we showed earlier that the 5-HT5A mRNA was
in exploratory tendencies or, alternatively, from a de-expressed at high levels in a limited population of cells
crease in fear of novelty.that are localized in the periglomerular area and that
To discriminate between these two possibilities, welikely correspond to periglomerular neurons and/or
performed a number of anxiety tests, in which the mousetufted neurons (Matthes et al., 1993). In the case of tufted
is faced with a conflict between exploring a new environ-neurons, which project to the cortex, the colocalization
ment and the fear of novelty. A factor analysis indicatedof the mRNA and the protein suggests that 5-HT5A recep-
that our behavioral measures in both the open field andtors are expressed at the somatodendritic level of these
the elevated plus maze were grouped into two indepen-neurons. The same reasoning applies to the medial ha-
dent categories: an exploratory-like factor and an anxi-benula since the 5-HT5A receptor binding is found there
ety-like factor. These results are in agreement with simi-but not in its main projection, the interpeduncular nu-
lar behavioral studies performed on various mouse andcleus (Contestabile and Flumerfelt, 1981). There were
rat strains (File, 1992). Using these tests, we showed thatearlier suggestions that the 5-HT5A receptor might be
the 5A-KO mice differed from the wt mice in measuresexpressed in astrocytes (Carson et al., 1996). However,
of exploratory activity but not in most anxiety-relatedwe showed that the antibodies used in that study are
measures. We also evaluated the reactivity of the 5A-probably not specific since they did not recognize 5-HT5A
KO mice to acoustic startling stimuli, a measure that isreceptors in either transfected cells or in mouse brain.
sensitive to changes in states of fear or anxiety (Davis,Specifically, the staining obtained with these antibodies
1984). 5A-KO and wt mice showed similar levels of star-was the same in fibroblasts expressing 5-HT5A receptors
tle reactivity, suggesting that their defensive reactionsas in control fibroblasts and it was identical in sections
to intense threatening stimuli are comparable.of wt and 5A-KO mice (our unpublished data).
In summary, both the dissociation between anxietyIn the presence of Gpp(NH)p, the 5-CT displacement
and exploration found in the factor analysis and thecurves obtained in the olfactory bulb, neocortex, and
phenotype of the 5-HT5A knockout mice indicate thatmedial habenula were shifted to the right, indicating that
exploratory activity and anxiety-related behaviors are5-HT5A receptors are coupled to G proteins. Although
at least partially dissociable. Thus, some of the neuralthe 5-HT5A receptor is clearly a member of the G protein±
circuits underlying exploratory activity might be distinctcoupled receptor family, there has been no evidence
from those underlying fear and anxiety, and the 5-HT5Athat these receptors could couple to G proteins in trans-
receptor may modulate circuits involved specifically infected cells. In fact, attempts at finding changes in sec-
exploratory behaviors. The 5-HT5A receptor is not theond messengers such as cAMP, inositol triphosphate,
only 5-HT receptor involved in exploratory behavior. Inand arachidonic acid in various cell lines expressing Gi,
fact, mice lacking the 5-HT1B receptor displayed in-Gs, Gq (Plassat et al., 1992; Erlander et al., 1993), Go, and
creased exploratory activity and slightly decreased anxi-G16 (our unpublished data) were unsuccessful. Such
ety (Brunner et al., 1999), while mice lacking the 5-HT1Aresults, which are in contrast with what has been found
receptor explored less and were more anxious (Rambozwith all other known 5-HT receptors, suggest that the
et al., 1998). Interestingly, anxiety and exploratory activ-5-HT5A receptor might couple with an unusual effector ity were inversely correlated in both the 5-HT1A andsystem.
5-HT1B knockout mice. The 5-HT5A receptor is thereforeAlthough the 5-HT5A receptor is expressed during de- so far the only 5-HT receptor that modulates exploratoryvelopment (Carson et al., 1996), its absence does not
activity while minimally influencing anxiety-related be-
result in obvious changes in the chemoarchitecture of
havior. Such results might suggest that the circuits un-
the brain either in newborns or in adults. Functional
derlying the effects of 5-HT5A receptors on exploratorydifferences observed in the present study might there- activity are distinct from those involving the 5-HT1B re-fore result either from the acute absence of the receptor ceptor. In support of this hypothesis, the increased ex-
or from subtle adaptative changes in the synaptic cir- ploratory activity observed in 5-HT5A and 5-HT1B knock-cuitry that is modulated by 5-HT5A receptors. out mice appears to be additive in double knockout
mice (our unpublished data).
Altered Exploratory Behavior of 5A-KO Mice in There are a number of reports that exploratory behav-
Response to Novelty and in Response to LSD ior may be an independent dimension of behavior rather
In their home cage, 5A-KO mice displayed the same than a mere absence of fear or anxiety (Berlyne, 1966).
overall levels of motor activity as wt mice. In contrast, In addition, pharmacological manipulations of seroto-
5A-KO mice were more active than wt mice in two behav- nergic systems have been shown to elicit specific
ioral paradigms designed to analyze different types of changes in exploratory behavior. Of particular relevance
exploratory behavior. In the open field test, exploration to the present findings, LSD, which has a very high
is directed at the novel environment, which includes affinity for 5-HT5A receptors (340 pM), exerts a dual effect
the open space and the holes. In the novel object test, on exploratory activity (Mittman and Geyer, 1991). Spe-
exploration is focused toward the object since the ani- cifically, LSD was shown to induce an initial decrease
mal is already familiar with the open field. In both cases, in exploratory activity, which may be mediated by 5-HT1A
the mutants explored more than the wt. Specifically, the receptors, followed by an increase in exploratory activ-
ity. The increase in activity had been suggested to be5A-KO mice displayed more locomotion, rearings, and
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(data not shown). Cells from the positive clone ZA5 and ZA7 weremediated by 5-HT2A/2C receptors because it was blocked
microinjected into 3.5-day-old C57BL/6 mouse blastocysts. The re-by ritanserine. However, 5-HT2 agonists such as DOI do
sulting chimeras were bred with C57BL/6 females in order to testnot induce any increase in exploratory activity (Mittman
for germline transmission of the mutated 5-HT5A receptor gene. Twoand Geyer, 1991; Geyer and Krebs, 1994). Interestingly, positive chimeras were then bred with females from the 129/Sv
ritanserine has a moderate affinity for 5-HT5A receptors strain to obtain heterozygotes on a pure 129/Sv genetic background.
Homozygous animals deriving from both cell lines were generated(40 nM; our unpublished data). These considerations,
by heterozygote crossings. The expected 1:2:1 ratio of wt, heterozy-together with the blunted response to LSD seen in the
gous, and homozygous mutant progeny was observed. All of the5A-KO mouse, suggest that the LSD-induced increase
analyses presented here were performed on animals having a purein exploratory activity is mediated at least in part by
129/Sv genetic background.
5-HT5A receptors. However, we cannot exclude the
involvement of other receptors that would be downregu-
Immunocytochemistrylated in the 5A-KO mouse. Our preliminary results sug-
Newborn (postnatal days 2, 4, or 5) and adult (over 90 days) wt andgest that LSD may be an agonist of the 5-HT5A receptor
homozygote knockouts were perfused transcardially with fixative(data not shown). In addition, both LSD and novelty
(4% buffered paraformaldehyde) under deep pentobarbital anesthe-
produce an increase in exploratory activity. We might sia. The brain was postfixed 1 hr in the same fixative, rinsed in
therefore speculate that 5-HT5A receptors are activated phosphate, and cryoprotected overnight in 10% DMSO. Frozen sec-
tions (50 mm thick) were incubated free floating in PBS (0.05 Mwhen mice are exposed to a novel environment and
phosphate buffer, 0.9% NaCl, 0.3% Triton X-100) containing 2%that this activation contributes to the increased curios-
normal serum to block nonspecific staining. The sections were incu-ity that is usually evoked by novelty. Candidate struc-
bated overnight at 48C in the primary antibody. After three rinses intures that may mediate this effect are the hippocampus
PBS, the sections were processed for immunoperoxidase staining
and habenula, which express 5-HT5A receptors and using biotinylated secondary antibodies (dilution 1:1000; Jackson
which have been implicated in the modulation of explor- ImmunoResearch, West Grove, PA) and the avidin±biotin complex
(dilution 1:100; Vectastain Elite, Vector Laboratories, Burlingame,atory behavior (Evans and Thornton, 1983; Buhot and
CA). Sections were reacted with diaminobenzidine hydrochlorideNaili, 1995). In summary, the present findings suggest
(0.05%; Sigma, St. Louis, MO) as chromogen. They were thenthe involvement of 5-HT5A receptors in some of the be-
mounted on gelatinized slides, dried, dehydrated in graded alcohols,havioral effects of LSD as well as in natural responses
cleared in xylene, and coverslipped. Control sections were treated
to novelty. with the same protocol, except that the primary antibody was omit-
The 5A-KO mice may also provide a model for poten- ted. The following primary antibodies were used: parvalbumin, cal-
bindin, calretinin (in rabbit, dilution 1:5000; Swant, Switzerland), se-tial genetic variations in the human population. Intense
rotonin and VIP (in rabbit, dilution 1:5000; RD, Minneapolis, MN),exploratory activity in rodents might be related to novel-
tyrosine hydroxylase (in rabbit, dilution 1:600; Eugene Tech, NJ),ty- or sensation-seeking personality traits in humans
somatostatin (in rabbit, code S309, dilution 1:250; gift from Dr. R.(Berlyne, 1966; Netter et al., 1996). It would therefore be
Benoit), NPY (in rabbit, dilution 1:5000; Sigma, St. Louis, MO), nitric
interesting to investigate whether polymorphisms in the oxide synthase (in rabbit, 1:500; Eurodiagnostica, MalmoÈ , Sweden),
5-HT5A gene in humans are associated with such person- AMPA GluR1 or GluR2/3 (in rabbit, 1:1000; Chemicon, Temecula,
CA), a1/2/5 subunits of the GABAA receptor (in guinea pig, dilutionality traits.
1:10000; gift from Dr. J. M. Fritschy), and b2/3 subunits of the GABAA
receptor (in mouse, code BD17, dilution 1:20000; gift from Dr. J. M.Conclusion
Fritschy).
Using mice lacking the 5-HT5A receptor, we have been
able to demonstrate that 5-HT5A receptors are expressed
Autoradiographyin the brain and are involved in the modulation of explor-
Adult male mice were killed by CO2 asphyxiation and decapitated.atory behavior. In addition, our binding and behavioral
The brains were dissected and frozen over dry ice. Frozen brainsdata suggest that some of the psychoactive effects of
were sectioned (10 mm) using a cryostat microtome. The sections
LSD may be mediated by 5-HT5A receptors. Our results were thaw mounted onto gelatinized glass slides and stored at
also indicate that some of the neural circuits involved 2808C. [3H]5-CT binding sites were labeled as previously described
(Waeber and Moskowitz, 1995), in the absence of blockers or in thein exploratory activity may be distinct from those in-
presence of 300 nM GR-127935/8-OH-DPAT and 3 mM spiperone.volved in fear or anxiety. The future availability of tissue-
[125I]LSD binding sites were labeled using 100 pM [125I]LSD (1 hrspecific knockouts and of drugs selective for the 5-HT5A
incubation at room temperature in 50 mM Tris±HCl buffer [pH 7.4]receptor should enable us to identify these exploration-
containing 4 mM CaCl2, followed by three 10 min washes in ice coldrelated circuits. buffer; 2 weeks exposure), in the absence of blockers or in the
presence of 600 nM clozapine/spiperone. Competition studies for
[125I]LSD binding sites (in the presence of 600 nM clozapine/spiper-Experimental Procedures
one) were performed by adding increasing concentrations of 5-CT
(0±10,000 nM) to the incubation medium of consecutive sections,Generation of the 5-HT5A Knockout Mice
The 5-HT5A receptor gene was disrupted by homologous recombina- in the absence or presence of the GTP analog Gpp(NH)p (100 mM).
The optical density of the autoradiograms over selected brain re-tion (Capecchi, 1989). The ZA targeting vector consisted of a 6.0
kbp EcoRI genomic fragment in which part of the 5-HT5A coding gions was measured using a computerized image analysis system
(M4, Imaging Research, St. Catherines, Ontario, Canada). The valuessequence was replaced by a neomycin phosphotransferase gene
(neo) under the control of the GTI-II enhancer (Saudou et al., 1994; for [125I]LSD binding given in Table 1 were obtained with a nonsatu-
rating concentration of radioligand. We did not perform a saturationFigure 1A). The linearized targeting vector was electroporated into
D3 ES cells, and G418-resistant colonies were screened by Southern study with [125I]LSD on mouse brain sections. Previous studies using
homogenates from cells transfected with 5-HT5A receptors reportedblotting. After Southern analysis using an external probe (NcoI-
HindIII, C*), positive clones were identified (7.7 kb XbaI fragment; a KD value of 340 pM for this ligand (Plassat et al., 1992). Assuming
that the affinity of the 5-HT5A receptors in brain sections and trans-Figure 1B). Eight positive clones were obtained, which corresponds
to a targeting frequency of 20%. Southern analyses using XbaI fected cells is comparable, the receptor occupancy in the present
study (using 100 pM [125I]LSD) was 23% (Pazos and Palacios, 1985;digests and the neo probe did not detect additional integrations
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occupancy calculated as described). The values in Table 1 are there- spraying and pushing a pile of bedding material toward the probe
with rapid alternating movements of its forepaws. The parametersfore about four times lower than the actual receptor density in the
respective regions. The statistical significance of the difference in recorded in this test are the cumulative burying behavior (total time
in seconds that the animal spends burying) and latency to showthe density of [125I]LSD binding sites (in the presence of clozapine/
spiperone) in wt and 5A-KO mice was assessed using t tests. burying behavior. A decrease in the total time burying as well as an
increase in the latency for the burying behavior after the first shock
has been interpreted as a reduction in anxiety (Pinel and Treit, 1978).
Behavioral Testing Startle Reactivity
Mice were kept on a 0600±1800 hr light cycle and tested during that In the acoustic startle test, mice were exposed to 40 ms broadband
period. 120 dB bursts (pulse trial) above a 65 dB background, with an
Open Field average of 15 s (range, 7±23 s) separating trials. Twenty-four pulse
Animals were placed in square open field chambers (40 cm long 3 trials were administered in total, and other trial types were also
40 cm wide 3 37 cm high). They were monitored throughout the interspersed. The test session began with a 5 min acclimation pe-
test session by a video tracking system equipped with infrared riod. Sixty-five 1 ms readings were recorded to obtain the amplitude
beams (PolyTrack, San Diego Instruments, San Diego, CA) that re- of the animal's startle response to each stimulus beginning at star-
cords the animal's location and path, as well as the number of tling stimulus onset. The startle apparatus has been described else-
rearings and exploratory hole pokes. Naive animals were placed in where (Dulawa et al., 1997).
the open field for 1 hr and then tested again in the same conditions
1 week later. Before testing each animal, the open fields were wiped
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